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Abstract

A simple scheme to realize quantum teleportation withπ/2 unitarily rotated transformation for continuous variable is
proposed, in which the bright entangled EPR beam is produced by phase sensitive nondegenerate optical parametric amplifier
with a fixed relative phase ofπ/4 between the subharmonic signal and the harmonic pump field. The measurement of “Bell
state” is accomplished by means of direct detection of photocurrents. 2001 Elsevier Science B.V. All rights reserved.

PACS: 03.67.Hk; 03.65.Bz

Recently, the theoretical and experimental stud-
ies on quantum communication based on the use of
the nonlocal quantum correlations of entangled states
show great promise for establishing new kinds of in-
formation processing without classical counterparts.
One of the most striking features of quantum informa-
tion is quantum teleportation [1] which is the disem-
bodied transport of an unknown quantum state from
one place (Alice) to another (Bob). Towards possible
applications in quantum communication, both theoret-
ical and experimental investigations increasingly fo-
cus on quantum states EPR for a continuous variable
in an infinite-dimensional Hilbert space. EPR state
can be efficiently generated using squeezed light and
beam splitters, for instance, the entangled two-mode
squeezed vacuum state that has already proven its use-
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fulness for quantum teleportation [2]. The schemes of
quantum teleportation and dense coding by means of
bright amplitude squeezed light and direct measure-
ment of Bell state were described in our previous pa-
per [3]. The amplitude and phase quadrature are ob-
tained from the direct detection implemented with two
photo-detectors and two RF splitters. In this Letter we
propose a experimental scheme in that EPR beam is
generated from a phase sensitive nondegenerate op-
tical parametric amplifier (NOPA) with a fixed rel-
ative phase ofπ/4 between the subharmonic signal
and the harmonic pump field. In the proposed system
the output state from the receiver (Bob) is an unitar-
ily rotated input state with a rotated transformation
of π/2. The measurement of “Bell state” is accom-
plished only by means of direct detection of photocur-
rents in which the local oscillators for the balanced
homodyne detection are not needed. In the experi-
ment of Ref. [2], an entanglement source states com-
bined at a beamsplitter and two sets of balanced homo-
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Fig. 1. Schematic diagram for phase sensitive NOPA.

dyne detector were employed. Since the two indepen-
dent squeezed beams were generated in a traveling-
wave degenerate resonator with two counterpropaga-
tion pump beam [2], the experimental complexity was
increased. For a NOPA with a type-II nonlinear crys-
tal, the output subharmonic light field itself consists of
nondegenerate signal and idler modes with orthogonal
polarizations, which are easily divided by a polarized-
beam-splitter to form a pair of space-separate EPR
beam, so the system is relatively simple [6]. The ef-
ficiency of mode matching between the squeezed vac-
uum and local beam usually should be high for ensur-
ing high efficiency of homodyne detection, that must
increase the difficulty on experiments with respect to
the proposed direct detection.

The schematic diagram for phase sensitive NOPA is
shown in Fig. 1. Two coherent input signalsa� anda↔
with same frequencyω0 and orthogonal polarization
are injected into a NOPA. For simplification, the
polarizations of the injected signal and idler field are
orientated along the vertical and horizontal directions,
and their intensities and original phases before NOPA
are considered to be identical. The amplifier is pumped
with the second harmonic wave ofωp = 2ω0 and
amplitude of pump fieldap � a�, a↔, in this case
the pump field can be considered as a classical field
without depletion during the amplification process.
The output signal and idler fields polarized along the
vertical and horizontal direction are denoted withb�
andb↔. We define the operators of the light fields at
the center frequencyω0 in the rotating frame,

(1)Ô(t) = ô(t)eiω0t ,

whereO = [â�, â↔, b̂�, b̂↔] are the field envelope
operators ando = [Â�, Â↔, B̂�, B̂↔] are the field
operators corresponding to input and output signal and

idler fields. By the Fourier transformation we have

(2)Ô(Ω) = 1√
2π

∫
dt Ô(t)e−iΩt .

Here, the fields are described as functions of the
modulation frequencyΩ with commutation relation
[Ô(Ω), Ô+(Ω ′)] = 2πδ(Ω − Ω ′). A practical light
field can be decomposed to a carrierÔ(0) oscillating
at the center frequencyω0 with an average amplitude
(Oss) which equals to the amplitude of its steady state
field, and surrounded by “noise sidebands”Ô(Ω) os-
cillating at frequencyω0 + Ω with zero average am-
plitude [4]:

(3)
〈
Ô(Ω = 0)

〉 = Oss
〈
Ô(Ω 
= 0)

〉 = 0.

The noise spectral component at frequencyΩ is the
hereodyne mixing of the carrier and the noise side-
bands. The amplitude and phase quadrature are ex-
pressed by

X̂O(Ω) = Ô(Ω)+ Ô+(−Ω),

(4)ŶO(Ω) = 1

i

[
Ô(Ω)− Ô+(−Ω)

]
,

with

(5)
[
X̂O(Ω), ŶO(Ω ′)

] = iδ(Ω +Ω ′).
The input–output Heisenberg evolutions of the field
modes of the NOPA are given by [5]

b̂0� = µâ0� + νâ+
0↔, b̂0↔ = µâ0↔ + νâ+

0�,

b̂+� = µâ+� + νâ++↔, b̂+↔ = µâ+↔ + νâ+
+�,

b̂−� = µâ−� + νâ+−↔, b̂−↔ = µâ−↔ + νâ+
−�,

(6)

where â, â+ and b̂, b̂+ denote the annihilation and
creation operators of the input and the output modes.
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The subindex 0 and± stand for the central mode at
frequencyω0 and the sidebands at frequencyω0 ± Ω ,
respectively. The parametersµ = coshr and ν =
eiθp sinhr are the function of the squeezing factor
r (r ∝ Lχ2|ap|, L is the nonlinear crystal length,
χ2 is the effective second-order susceptibility of the
nonlinear crystal in NOPA,ap is the amplitude of
pump field) and the phaseθp of pump. In the following
calculation the phaseθp is set to zero as the reference
of relative phase of all other light fields. For bright
optical field, the quadratures of the output orthogonal
polarization modes at a certain rotated phaseθ are
expressed by

X̂
b̂�(θ) = b∗

0�b̂+�e−iθ + b0�b̂+
−�eiθ

|b0�|
= b̂+�e−i(θ+ϕ) + b̂+

−�e
i(θ+ϕ),

(7)X̂
b̂↔(θ) = b̂+↔e−i(θ+ϕ) + b̂+−↔ei(θ+ϕ),

whereϕ = arg(b0�) = arg(b0↔) = arg(eiΦ + e−iΦ ×
tanhr) is the phase of the modeŝb0�, b̂0↔ relative
to θp andΦ is the phase of the modesâ0�, â0↔ relative
to θp . Taking θ = 0 and θ = π/2 in Eq. (7), the
amplitude and phase quadrature of the output field are
obtained:

X̂0
b̂�

= X̂
b̂�(0)= b̂+�e−iϕ + b̂+

−�e
iϕ,

X̂0
b̂↔

= X̂
b̂↔(0) = b̂+↔e−iϕ + b̂+−↔eiϕ,

X̂
π/2
b̂�

= X̂
b̂�

(
π

2

)
= −i

(
b̂+�e−iϕ − b̂+

−�e
iϕ

)
,

(8)X̂
π/2
b̂↔

= X̂
b̂↔

(
π

2

)
= −i

(
b̂+↔e−iϕ − b̂+−↔eiϕ

)
.

When the injected subharmonic signal and harmonic
pump field are in phase(Φ = ϕ = 0), the maximum
parametric amplification is achieved [6]. The differ-
ence of the amplitude quadratures and the sum of the
phase quadratures between two orthogonal polariza-
tion modes are

X̂0
b̂�

− X̂0
b̂↔

= e−r X̂0
â� − e−r X̂0

â↔,

(9)X̂
π/2

b̂�
+ X̂

π/2

b̂↔
= e−r X̂

π/2
â� − e−r X̂

π/2
â↔ .

Under the limitr → ∞, the output orthogonal polar-
ization modes are the perfect EPR beams with quadra-
ture amplitude correlation and quadrature phase anti-

correlation [6]. When the injected subharmonic sig-
nal and harmonic pump field are out of phase, i.e.,
Φ = ϕ = π/2, NOPA operates at parametric deam-
plification [7]. Therefore the sum of the amplitude
quadratures and the difference of the phase quadra-
tures of the orthogonal polarization modes are as fol-
lows:

X̂0
b̂�

+ X̂0
b̂↔

= e−r X̂0
â� − e−r X̂0

â↔,

(10)X̂
π/2
b̂�

− X̂
π/2
b̂↔

= e−r X̂
π/2
â� − e−r X̂

π/2
â↔ .

Obviously, the EPR beams with the quadrature am-
plitude anticorrelation and quadrature phase correla-
tion are obtained forr > 0 [3]. Whenϕ = π/4, the
sum of θ = π/4 quadratures and the difference of
θ = −π/4 quadratures between the orthogonal polar-
ization modes are written as follows:

X̂
π/4

b̂�
+ X̂

π/4

b̂↔
= e−r X̂0

â� − e−r X̂0
â↔,

(11)X̂
−π/4

b̂�
− X̂

−π/4

b̂↔
= e−r X̂

π/2
â� − e−r X̂

π/2
â↔ .

It can be seen that ifr > 0, theπ/4 quadratures of
two output polarization modes are anticorrelated and
−π/4 quadratures of that are correlated. In the follow-
ing we propose a simple scheme for quantum telepor-
tation by means of EPR beams withπ/4 quadratures
anticorrelation and−π/4 quadratures correlation.

The proposed scheme is shown in Fig. 2. One of
the EPR beams is sent to Alice where it mixes with
the input signal beam̂ain with same intensity and
π/2 phase shift on the 50% beamsplitter (BS1). The
resulting output beams,ĉ andd̂, are expressed by

ĉ =
√

2

2

(
âin + ib̂↔

)
,

(12)d̂ =
√

2

2

(
âin − ib̂↔

)
,

which are directly detected by photoelectronic detec-
torsD1 andD2. The normalized output photocurrents
spectra are given [3] by

îc(Ω)= 1

〈ĉ〉
∫

dt e−iΩt ĉ+ĉ

= 1

2

(
X̂0

âin
(Ω)+ X̂

π/2
âin

(Ω)− X̂
π/2

b̂↔
(Ω)

+ X̂0
b̂↔

(Ω)
)
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Fig. 2. Schematic ofπ/4 phase locked NOPA for teleportation.

= 1√
2

(
X̂

−π/4
âin

(Ω)+ X̂
π/4

b̂↔
(Ω)

)
,

îd(Ω)= 1

2

(
X̂0

âin
(Ω)− X̂

π/2
âin

(Ω)+ X̂
π/2

b̂↔
(Ω)

+ X̂0
b̂↔

(Ω)
)

(13)= 1√
2

(
X̂

π/4
âin

(Ω)+ X̂
−π/4
b̂↔

(Ω)
)
.

Then the photocurrents are sent to amplitude and
phase modulators in the receiver (Bob), respectively.
The amplitude and phase modulators transform the
photocurrent signals into a coherent state light field,
which is then combined with the other halfb̂� of the
EPR beams afterπ/4 phase shift at the mirrorMBob of
high reflectivity,∼99%. With Eq. (11) we can easily
find the expression of output beam from the mirror

âout = b̂� + gcîce
i(π/4) + gd îde

−i(π/4)

= 1√
2

[
X̂

−π/4
b̂�

(Ω)+ X̂
π/4
b̂�

(Ω)

+ i
(
X̂

−π/4

b̂�
(Ω)− X̂

π/4

b̂�
(Ω)

)]

+ gĉîĉe
−i(π/4) + g

d̂
î
d̂
ei(π/4)

= 1√
2

[
X̂

−π/4
âin

(Ω)(1− i)− X
π/4
âin

(Ω)(1+ i)
]

(14)= Ŷâin(Ω)− iX̂âin(Ω) = −iâin,

wheregĉ andg
d̂

describes Bob’s (suitably normalized)
amplitude and phase gain of the transformation from
photocurrent to output beam, in Eq. (14) we have taken
the normalized gaingĉ = −g

d̂
= √

2 and r → ∞.
Eq. (14) shows a process in which a quantum state
of input state is teleported and at the same time an
unitarily π/2 rotated transformation of output state
with respect to input state is complete. Although the
unitarily rotated transformation can be achieved by
some optical elements, such as empty cavity [8], it is
interested that the teleportation and the unitarilyπ/2
rotated transformation are completed simultaneously.

In conclusion, we propose an experimental scheme
of the quantum teleportation withπ/2 rotated trans-
formation of output state by using a NOPA withπ/4
phase difference between the subharmonic signal and
the harmonic pump field. Due to exploiting the bright
EPR beams generated from NOPA and the directly
measuring technique of “Bell state”, the trouble to
meet high efficiency of mode matching in experiment
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is eliminated. The unitaryπ/2 rotated transformation
teleportation system might be useful in future quantum
communication network.
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